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Magnetoresistane in metals with embedded magneti nanolusters.
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Physis Department, Lanaster University, Lanaster LA1 4YB, UK
(Dated: 8th November 2018)
We propose a kineti theory of transport in metals embedded with ferromagneti nanolusters,
desribing the dependene of the form of magnetoresistane on anisotropy harateristis of the
ensemble of lusters and the inuene of the eletron spin depolarisation by lusters. We note that
this eet is strongest when all the lusters have the same intrinsi easy-axis anisotropy.
Numerous appliations of magnetoresistane (MR) phenomenon fuel a ontinuous searh for new materials, inluding
various hybrid systems [1℄. In this publiation, we propose a kineti theory of high temperature MR in a normal metal
embedded with ferromagneti metalli nano-lusters (FmnC) [2℄.
The presented below analysis extends the earlier phenomenologial study of MR eet due to FmnC [3℄ developed
in appliation to granular normal-ferromagneti metal lms [4℄. Following Zhang [3℄, we study lusters using lassial
spin approximation. We also assume that both the magnetisation and the eletron exhange spin-splitting J are
homogeneous within eah luster (due to their small size, typially 102 − 103 atoms per luster [2, 5, 6℄) and we
haraterise the ensemble of FmnC using the angular distribution of their magneti moments m = µl, whih depends
on intrinsi anisotropy, external magneti eld and temperature. This study is restrited to materials with suh
separation between lusters that one an neglet orrelations between them and assume that all lusters are of the
same radius, rcl.
Due to band mismath between underlying materials, eah FmnC would generate a salar potential well and have
a dierent eletron mass from that in the normal metal, in addition to a spin dependent (exhange) perturbation. An
interplay between all above-mentioned fators makes eletroni sattering from eah individual FmnC spin-dependent
and the resistane of a omposite material sensitive to the mean degree of polarisation of lusters 〈lz〉. In agreement
with earlier publiations [3, 4, 7℄, we nd that in the low eld regime (µB/kT ≪ 1) MR is quadrati in magneti eld,
∆(B) = R(B)−R(0)R(0) ∼ −B
2
, whereas the detailed form of MR is shown below to depend on both mean polarisation of
FmnCs and its variane. We also analyse the inuene of magneti anisotropy on MR, ∆(B) and nd that the eet
is strongest when all lusters in the ensemble have ollinear easy-axis anisotropy.
To desribe the MR in a metal with FmnCs we study the quantum kineti equation,
∂tρˆ+ v · ∇ρˆ+ e (E · v) ∂ǫρˆ−
ωB
2
[σˆ3, ρˆ] = I0 [ρˆ] + 〈I [ρˆ]〉
for the eletron spin density matrix ρˆ = ρ0+
∑
i ρiσˆi approximated by ρα (p) = ρ˘α (p)+
p
p ·ηα (p), where σ = (σˆ1, σˆ2, σˆ3)
are Pauli matries, ωB = Be~/mc is the eletron spin preession frequeny in normal metal and ρ˘ is the isotropi part
of the eletron distribution in momentum spae. All details of the eletron spin and phase evolution inside lusters
are inorporated into the ollision integral I [ρˆ], whereas momentum relaxation due to non-magneti impurities and
phonons in the normal metal is taken into aount by I0 [ρˆ] = [ρˆ (p)− ρ˘ (p)] τ
−1
.
One FmnC produes the following sattering matrix,
Sˆ = a+ b (σ · l) ; a =
S+ + S−
2
, b =
S− − S+
2
, (1)
where S+pp′ and S
−
pp′ haraterise the angular dependene of sattering matries of eletrons with spin parallel and
antiparallel to the luster polarisation l [p, p′ are eletron momenta before and after sattering℄. The ollision integral
taking into aount a group of ollinearly polarised lusters with the onentration n (l) has the form
Il [ρˆ] =
n (l) ~2
4mp
∫
d3p′
[
Sˆpp′ ρˆp′ Sˆ
†
p′p −
1
2
(
Sˆpp′ Sˆ
†
p′pρˆp + ρˆpSˆpp′ Sˆ
†
p′p
)]
(2)
where v is Fermi veloity. This expression inorporates the kinetis of both eletron sattering and spin preession,
in partiular sine S matrix takes into aount spin-dependent forward sattering. Due to the angular distribution of
luster polarisations, the ensemble-averaged ollision integral, 〈I [ρˆ]〉 would also desribe spin relaxation of eletrons.
All of the above-mentioned three generi elements of eletron spin kinetis would be present even if the distribution of
luster magneti moments is axially symmetri about the diretion of an external magneti eld B = Bez . Therefore,
2in the following analysis we assume that 〈lx〉 = 〈ly〉 = 0 and the tensor 〈lilj〉 is diagonal with
〈
l2x
〉
=
〈
l2y
〉
= 1−
〈
l2z
〉
.
The resulting ensemble-averaged ollision integral reads as
〈I [ρˆ]〉 =
nc~
2
4mp
∫
d3p′
{
(ab∗ + a∗b) (ρ′3 − ρ3) 〈lz〉
+
(
|a|
2
+ |b|
2
)[
(ρ′0 − ρ0) +
∑
i
σˆi (ρ
′
i − ρi)
]
− 2 |b|
2
∑
i
σˆiρ
′
i + ı (a
∗b− ab∗) (ρ′2 〈lz〉 σˆ1 − ρ1 〈lz〉 σˆ2)
+ (ab∗ + a∗b) (ρ′0 − ρ0) 〈lz〉 σˆ3 + 2 |b|
2
∑
i
ρ′i
〈
l2i
〉
σˆi
}
where density matrix ρˆ was deomposed into a singlet(ρ0) and triplet(ρi) parts [here ρ = ρ (p), ρ
′ = ρ (p′)], whih
deouples the kineti equation into two groups. The rst group desribes the evolution of only diagonal density matrix
omponents and involves momentum (τ−1p± ) and spin (τ
−1
sn ) relaxation rates,
∂tρ0 +
v
3∇ · η0 = 0
∂tρ3 +
v
3
∇ · η3 = −
(
1−
〈
l2z
〉)
τ−1s0 ρ3 (3)
v∇ρ0 + evE∂ǫρT (ǫ) = −τ
−1
p+η0 − τ
−1
p− 〈lz〉η3
v∇ρ3 = −τ
−1
p− 〈lz〉η0 −
(
τ−1p+ + τ
−1
s1
(
1−
〈
l2z
〉))
η3,
τ−1p+ =
nc~
2π
4mp
∫
dθ sin θ
(
|S+|
2
+ |S−|
2
)
(1− cos θ) + 1τ
τ−1p− =
nc~
2π
4mp
∫
dθ sin θ
(
|S+|
2
− |S−|
2
)
(1− cos θ) ,
τ−1sn =
nc~
2π
4mp
∫
dθ sin θ |S+ − S−|
2
cosn θ.
(4)
The seond group,
∂tζ +
v
3∇ · ξ = −
〈
l2z
〉
τ−1s0 ζ − ıωζ
v∇ζ = −
(
τ−1p+ +
〈
l2z
〉
τ−1s1
)
ξ − ıωξ,
(5)
where ζ = ρ1 + ıρ2 and ξ = η1 + ıη2, takes into aount an average of eletron spin preession in the (xy)-plane with
frequeny
ω = 〈lz〉
nc~
2π
2mp
∫
Im
(
S+∗S−
)
sin θdθ + ωB.
Eq.(3) desribes the kinetis of harge (ρ0) and spin (ρ3) densities in a marosopi sample. Without any eletri
bias this would be diusion [8℄ desribed by equations{
∂tρ0 = De∇
2ρ0 −D∆∇
2ρ3
∂tρ3 = Ds∇
2ρ3 −D∆∇
2ρ0 −
(
1−
〈
l23
〉)
τ−1s0 ρ3
, (6)
De =
v2
3
(τ−1p++τ
−1
s1 (1−〈l
2
z〉))
τ−1
p+(τ
−1
p+
+τ−1s1 (1−〈l
2
z〉))−τ
−2
p−
〈lz〉
2 ,
Ds =
v2
3
τ−1
p+
τ−1
p+ (τ
−1
p+
+τ−1
s1
(1−〈l2z〉))−τ
−2
p−
〈lz〉
2 ,
D∆ =
v2
3
〈l3〉τ
−1
p−
τ−1
p+(τ
−1
p+
+τ−1s1 (1−〈l
2
z〉))−τ
−2
p−
〈lz〉
2 .
A homogeneous solution of Eq.(3) in the presene of eletri bias produes the urrent-eld relation for both harge
and spin omponents je = σeE and js = σsE , whih determines eletri(e) and spin(s) ondutivities,
σe = e
2ν (ǫF )De, σs = − (~/2) eν (ǫF )D∆. (7)
3J/EF mF /mN Ap+ Ap− As1 ∆max X
0.3 0.5 0.880 0.560 0.450 0.405 0.511
0.3 1.0 0.290 0.040 0.170 0.019 0.586
0.3 2.0 0.510 0.070 0.240 0.137 0.470
0.3 3.0 0.860 0.020 0.370 5.4 · 10−4 0.430
0.1 0.5 0.740 0.200 0.250 0.073 0.337
0.1 1.0 0.053 0.002 0.030 1.4 · 10−3 0.566
0.1 2.0 0.480 0.020 0.230 1.7 · 10−3 0.479
0.1 3.0 0.830 0.010 0.370 1.4 · 10−4 0.446
Table I: Example of estimations of Aα in a spherial luster model for large lusters prcl ≫ h and strong exhange J
A magneti eld dependene of average luster polarisation 〈lz〉 and mean square
〈
l2z
〉
generates a nite magneto-
resistane (MR) of a omposite material,
∆(B) =
σe (0)
σe (B)
− 1. (8)
The resistane hange whih an be ahieved aross an innite magneti eld interval (providing a omplete
uniaxial polarisation of all lusters) is given by
∆max = (τp+/τp−)
2 . (9)
The maximal MR eet, ∆max is the largest when both potential and magneti sattering potentials are of the same
order, and it is suppressed by additional non-magneti sattering proesses inreasing τ−1p+ versus τ
−1
p− .
The entire MR urve an be desribed in terms of magneti eld and rystalline anisotropy dependent values of
〈lz〉 and
〈
l2z
〉
,
∆(B) = −
〈lz〉
2
∆max
1 + (1− 〈l2z〉)X
, where X =
τp+
τs1
. (10)
When magneti lusters represent the only soure of sattering in the material, the parameter X in Eq.(10) is
determined by the luster size and material omposition. For large lusters with radius rcl ≫ h/pF , where pF is
the Fermi momentum in the metal all relaxation rates are proportional to the lusters' geometrial ross-setion,
τ−1α =
nc
mNp
π (prcl)
2
Aα, (α = p+, p−, s1). Table I illustrates values of these parameters for various ratios between the
exhange J and Fermi energy EFF in the ferromagnet and the ratios mF /mN between band masses in the normal and
ferromagneti metals. Here, we use a simplifying model with paraboli dispersion in both materials with equal densities
of ondution band eletrons. The latter onstraint determines a spin-independent band mismath U = ENF −E
F
F at
the interfae whih is taken into aount as a sattering potential. The data in Table I indiate that the depolarisation
parameter X is not large (X . 0.5). For small lusters (prcl ≪ h), sattering is isotropi, thus τ
−1
s1 in the integral in
Eq.(4) is suppressed, as ompared to the momentum relaxation rate τ−1p+ , thus making X ≪ 1. Addition of potential
satterers and a ontribution from e-phonon sattering produes a similar eet on the depolarisation parameter.
Below, we ompare the magneti eld dependene ∆(B) for three ensembles of lusters: (a) intrinsially isotropi
FmnCs; (b) idential lusters with olinear easy axes aligned with the external magneti eld; () ensemble of lusters
with randomly oriented easy axes. In all of these three ases we assume the same material omposition, size of lusters,
surrounding medium (i.e. xed values of τp±, τsn and X), and thermal equilibrium of angular distribution of lusters.
These three situations will be identied with the following form of free energy of magneti subsystems,
F = −µB · l+ F0 =


−µBlz (a)
−µBlz − αl
2
z (b)
−µBlz − α (l · l0)
2
(c)
(11)
where l0 determines the diretion of single luster easy axis. In ases (a) and (b) the values of 〈lz〉 ≡ lz and
〈
l2z
〉
≡ l2z
are determined by the thermal average
A = N−1
∫
dΩlAe
− F
kT , N =
∫
dΩle
− F
kT , (12)
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Figure 1: ∆(B) for dierent luster subsystems a) intrinsially isotropi lusters; b) idential lusters with olinear easy axis
in diretion of external magneti eld; ) ensemble of lusters with randomly oriented easy axis; kT = 0.1, α = 1. Solid line
shows results for X = 0.5 and dashed line for X = 0.
where T is temperature. For ensemble () with isotropi distribution of easy axes, an additional averaging over
diretions of vetor l0 in Eq.(11) is needed 〈lz〉 =
〈〈
lz
〉〉
and
〈
l2z
〉
=
〈〈
l2z
〉〉
, where 〈〈(. . . )〉〉 =
∫
dΩl0 (. . . ) /4π.
For intrinsially isotropi lusters, ensemble type (a),
〈lz〉a = (x cothx− 1) /x, x = Bµ/kT,〈
l2z
〉
a
=
(
x2 − 2x cothx+ 2
)
/x2. (13)
The resulting form of MR is illustrated in Fig.1 by the urve (a). The inuene of intrinsi easy-axis anisotropy of
lusters on MR depends on the temperature regime and the type of luster ensemble (b) or (). At high temperatures
kT > α, the existene of an anisotropy axis ommon for all lusters results in a small orretion to 〈lz〉,
〈
l2z
〉
in
ensemble (b),
〈lz〉b = 〈lz〉a +
α
kT
Lb1 (x) ,
〈
l2z
〉
b
=
〈
l2z
〉
a
+
α
kT
Lb2 (x) ,
thus leading to small orretions to ∆(B). Here Lb1 (x) =
[
2x2
(
coth2 x− 1
)
+ 2x cothx− 4
]
/x3 and Lb2 (x) =[
4x2
(
2− coth2 x
)
− 16x cothx+ 20
]
/x4. In ensemble (), whih has an isotropi distribution of magneti moments
at B = 0, suh a orretion is even smaller and appear only in the seond order in α/kT<1.
At low temperatures, kT < α, ∆(B) was studied numerially. The obtained results for ensembles (b) and () are
ompared in Fig.1 with the MR in ensemble (a). Fig.1 shows that a pronouned easy-axis anisotropy enhanes the
low-eld MR eet, whereas an isotropi distribution of easy axes suppresses MR via spin relaxation. The inset to
Fig.1 demonstrates the low-eld behaviour in all three ases, whih omplies with the asymptoti expansion of ∆(B)
in Eq.(10) in powers of µB/kT ≪ 1. Sine at small elds eµBlz/kT−F0/kT ≈ e−F0/kT
(
1 + µBkT lz
)
,
〈lz〉 ≈
µB
kT
∫
dΩll
2
z exp (−F0/kT )∫
dΩl exp (−F0/kT )
=
µB
kT
〈
l2z
〉
B=0
hene the low-eld MR is quadrati,
∆(B) ≈ −
(
µB
kT
)2 ∆max 〈l2z〉2B=0
1 + (1− 〈l2z〉B=0)X
.
Due to isotropy of FmnC ensembles (a) and () at B = 0, 〈lilj〉B=0 =
1
3δij and
〈
l2z
〉
a,B=0
=
〈
l2z
〉
c,B=0
= 13 , whereas
〈
l2z
〉
b,B=0
= f (α/kT ) , f (y) =
ıeyy−1/2
erf
(
ıy−1/2
) − 1
y
.
5The low-eld MR in eah of those three ases is
∆(B)
∆max
= −
(
µB
kT
)2{ (9 + 6X)−1 (a, c)
f2(α/kT )
1+[1−f(α/kT )]X (b)
.
In summary, we propose the theory of lassial magnetoresistane in a normal metal with embedded ferromagneti
nanolusters. Our analysis shows that in a thermodynami equilibrium the MR eet is largest when all lusters
have the same intrinsi easy-axis anisotropy. Thus it may be advantageous for appliations to engineer anisotropy as
skethed in Fig.1, despite the inonveniene whih may be aused by hysteresis in their magnetisation dynamis.
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2ζ −
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v2
3
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1〉)τ
−1
s1 )
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1〉)τ
−1
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3
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